The correlation between K + -Na + diffusion coefficient and mechanical properties of chemically tempered and hybrid tempered (chemically tempered subsequent to thermally tempered) aluminosilicate glass are investigated. Firstly, the potassium ion concentration profiles are experimentally measured and the diffusion coefficient is calculated according to the Boltzmann-Matano approach. Secondly, the flexure strength and Weibull modulus are determined using a combined experimental (coaxial double ring) and finite element analysis method. The results indicate that the flexural strength decreases with the diffusion coefficient of the air side for both types of glass samples while there is no significant relationship between diffusion coefficient and Weibull modulus. Diffusion coefficient on air side shows a higher value than that of the tin side. With the same diffusion coefficient, the flexural strength of chemically tempered glasses are found to be higher than that for hybrid tempered glasses. The effect of diffusion coefficient on modulus of rupture (MOR) for hybrid tempered glass is more remarkable. These results would be useful in designing the strength of glass and guiding the strengthening process by chemical or hybrid tempering.
Introduction
Chemical tempering, also known as ion exchange, is a process in which ions of a larger size, compared to those already exist in the glass matrix, are "stuffed" into the glass surface. This generates compressive stresses (CS) on the surface which results in the strengthening of glass [1, 2] . K + -Na + ion exchange, which was first raised by Kistler in 1962 , is the most commonly used approach of ion exchange [3] . The mechanism of K + -Na + ion exchange can be understood as an interdiffusion process and the exchange rate is dependent on the composition, structure and surface conditions of the glass [4] . Understanding the diffusion kinetics of K + -Na + ion exchange is of critical importance not only for long-standing fundamental interest [5, 6] , but also for controlling the mechanical properties of glasses. Different aspects of the K + -Na + interdiffusion process has previously been investigated including: the influence of glass composition, exchange temperature and time on the K + -Na + diffusion coefficient [4, [6] [7] [8] , the impact of different salt bath composition on the kinetics of ion exchange process [9] , the diffusion coefficient for two step ion exchange [10] and the relationship between the diffusion process of K + ions and the surface hardness [11, 12] . Recently, the concept of engineered stress profile (ESP) glass is proposed by Green and Sglavo [13] [14] [15] . ESP glasses can be produced via a two-step chemical tempering process. The stress profiles of the ESP glasses are specially desired which can lead to strengthening and insensitivity of strength to the initial surface flaw size. The K + -Na + interdiffusion process, which determines the stress profiles, is very important in controlling the strength of chemically tempered glasses [10] . Therefore, to elucidate the correlation between the K + -Na + diffusion coefficient and flexural strength of chemically tempered glasses is an important issue in glass-strengthening technology.
Thermal tempering, also known as physical strengthening, is another effective method to strengthening glass. It can produce a deeper layer of CS than chemical tempering technique. However, the magnitude of CS at the surface of thermally tempered specimens is much smaller than that of chemically tempered specimens. A combination procedure of chemical and thermal tempering can have a significant difference from the two methods applied alone [16, 17] . To date, very few studies focus on the strengthening effect of the combined treatment, thermal tempering followed by chemical tempering, on glass or ceramic materials. The correlation between K + -Na + diffusion coefficient and flexural strength of chemical tempering or chemical tempering subsequent to thermal tempering is still remains unclear.
In addition, approximately 90% of all flat glasses are manufactured using the float forming process in which the molten glass will be immersed into a tin bath [18] [19] [20] .
During this process, the molten tin ions can diffuse into the glass surface, producing two chemically different sides, which are often referred to as the air and tin sides. The difference in composition and structure between the two sides can lead to different properties [21] [22] [23] and diffusion characteristics. The diverse diffusion performance between air and tin sides in chemical tempering subsequent to thermal tempering is still unknown.
The main object of this study is to investigate the correlation between K + -Na + diffusion coefficient and flexural strength of chemically and hybrid tempered (chemically tempered subsequent to thermally tempered) specimens. The variation of compressive stress and surface structure are identified to interpret the difference between the two kinds of specimens. Results show that the flexural strength decreases with increasing diffusion coefficient of the air side for both types of glass samples.
However, the effect of K + -Na + diffusion coefficient on Weibull modulus is more complex than on the flexural strength. In addition, the flexure strength of the chemically tempered glasses is higher than that of the hybrid tempered specimens with the same K + -Na + diffusion coefficient.
Experimental procedure

Materials and strengthening process
The glass used in this work is a square plate with an average length of 100.0 ± 0.5 mm on an edge and an average thickness of 4.00 ± 0.02 mm. The chemical composition is given in Table 1 . The glass samples were equally divided into two groups. One group experienced a combined chemical tempering subsequent to thermal tempering process, hybrid tempering, and the other group was only strengthened by chemical tempering. The former group was firstly thermally tempered by force convective cooling in air at a pressure of 1.2 kPa after a heat soaking at 700 °C for 400 s to produce a residual compressive stress on the glass surface. After the thermal tempering process, all the two group of samples were chemically tempered simultaneously in an electric furnace at 420 °C for different time (3, 5, 7 , and 14 h). The molten salt used was pure KNO3 (purity > 99.9%). The glass surfaces were carefully cleaned with deionized water at the end of each procedure. 
Compressive stress measurements
The compressive stress (CS) and depth of stress layer (DOL) of the specimens after chemical tempering were measured by birefringence stress measurement (FSM-6000LE, ORIHARA, Japan). The systematic errors for the CS and DOL are  20 MPa and  2 μm, respectively. Each glass sample was measured at three random positions on the air and tin sides separately and the average CS and DOL values and error bar were obtained in order to confirm the reproducibility of the results.
FTIR spectroscopy measurements
Infrared reflection spectra was obtained using a Spectrum GX FTIR system (PerkinElmer) at the range 4000-400 cm -1 with a specular reflectance accessory at room temperature to evaluate the surface structure difference between chemically tempered and hybrid tempered specimens. The incident angle was 45. Each spectrum was taken as an average of 16 scans collected over the frequency range of 1300-400 cm -1 with a resolution of 4 cm -1 . Three samples of each strengthening condition were analyzed in order to confirm the reproducibility of the results. A silver mirror was used as a standard reference for all measurements. All the results were rectified with Kramers-Kronig (K-K) relationship [24] .
K + ion concentration depth profile measurements
The concentration depth profiles of the glass samples were measured by electron microprobe analysis (JXA-8100, JEOL, Japan). Beam conditions for all experiments were 44 nA current and 10 kV accelerating voltage. The glass specimens were firstly cut into two parts and embedded in a resin. Then the specimens were grinded and polished to get a flat surface. The fracture surface of glass was coated with thin carbon film by sputtering. The K + ion concentration was measured every 3 μm starting from the surface along the thickness direction. All the analyses were performed for each glass sample on the air and tin sides separately to investigate the different diffusion performance between the two sides in chemical tempering and hybrid tempering process. Calibration of the X-ray spectrum to ion concentrations was performed with glassy geological standards. All known ionic components were measured simultaneously to verify that K + and Na + were the only mobile species.
Scans were performed three times at different locations on the cleaved surface.
Flexural strength measurements
Samples strengthened under different conditions were subjected to ring-on-ring (ROR) biaxial flexural tests. The modulus of rupture (MOR) was determined using an Instron universal testing machine and a biaxial flexure test fixture as illustrated in our previous work [25] . The tin side can be distinguished by fluorescence obtained on irradiating with an ultraviolet lamp. In all cases, the air side was always used for the tensile side for better comparison. All specimens were taped on the tin side before test to retain fragments. Twenty specimens were tested for each condition using a displacement-controlled method with a cross head speed of 0.8 mm/min. The load at failure was used to calculate the strength of the specimen. Subsequently, the strength distributions were analyzed using a Weibull approach [26] . The random errors for
Weibull modulus are obtained according to ASTM 1239-13 [27] .
Results and discussions
CS and DOL results and interpretation
The CS and DOL of the chemically tempered specimens (referred to as CT in the figures) and thermally plus chemically tempered, also known as hybrid tempered specimens (referred to as TT+CT in the figures) on the air and tin sides are shown in the exchange time may also lead to stronger stress relaxation [25, 28, 29] . Hence the CS decreases with exchange time.
It can also be seen from Fig. 1 that the hybrid tempered specimens show a lower CS and higher DOL values than the chemically tempered specimens. After thermal tempering process, the fictive temperature of the glass specimens increases due to quenching from over the glass transition temperature by forced convection, using impinging air jet. This leads to a lower density on the glass surface [30] . Therefore, the diffusion of alkali ions into the glass matrix in thermally tempered glass becomes easier [31] . As a result, the hybrid tempered specimens show a higher DOL value.
Meanwhile, the glass with an increased fictive temperature is more susceptible to stress relaxation, hence the hybrid tempered specimens show a lower CS value ( Fig   1a) . As can be noticed in Fig1a, the tin side always shows larger CS and lower DOL values whether the glass samples experienced a thermal tempering process or not, which is in accordance with our previous results [4, 22] .
FIG1.TIF The CS and DOL as a function of exchange time (a) CS (b) DOL
FTIR spectroscopy measurements and interpretation
The FTIR reflectance spectra of the chemically tempered specimens and hybrid tempered specimens on the air and tin sides are shown in Fig. 2 . The main peaks of IR results are observed at 1037 and 463 cm -1 and the two peaks are divided into two separate parts to provide more details. The insets in Fig. 2 are enlargements of the peaks. The reflectance of different glass samples at 1037 and 463 cm -1 varies with exchange time. The reflectance on one side of the glass samples will be influenced by the other side because of the transparency of the glass, and total prevention of influence is quite difficult. However, the intensity of the reflected beam from the exposed surface is much stronger than that from the other side of the sample.
Consequently, the reflected light is mainly composed of light from the exposed surface [32] . In addition, all results are rectified with K-K relationship [24] to avoid interference as much as possible. The peaks at 1037 and 463 cm -1 in IR spectra are attributed to the Si-O stretching and Si-O-Si bending mode, respectively [32] [33] [34] . With the migration of K + ions into the glass, the total alkali concentration at the surface increases which lead to the destroy of bridging oxygens and the decrease of intensity of the two peaks [35] . The chemically tempered samples show higher percentages of reflectance than the hybrid tempered samples which indicates that the intensity of bridging oxygens in hybrid tempered glass is lower. Figure 4 shows the typical load-deflection relationships for glass samples with different exchange time at 420 °C. The fracture load varies with exchange time for both chemically tempered and hybrid tempered samples. The load-deflection curves become nonlinear with increasing load. The linear bending of glass in ROR fixtures is formulated in ASTM standards [36, 37] . However, these standards restrict the deflection to one quarter of the glass thickness. In our test results, the deflection of all samples exceed this restriction. Thus, the large-deflection theory should be considered when analyzing the flexural strength. A finite element analysis (FEA) method is used to solve the large deflection problem and the detailed method is described in our previous work [25] .   (1) in which N is the total number of the samples and i is the sample rank in ascending order of failure stress.
Flexural strength results and discussions
The Weibull modulus of these glasses are calculated according to Eq. 2:
Eq. 2 can be transformed into the usual double logarithmic form of the Weibull expression:
where 0
 is a scaling parameter, referred as a characteristic strength defined as the stress at which the F equals 63.2%. m is the Weibull modulus. V is the normalized volume of the samples. u  referred as the stress at which there is zero probability of failure. When it is taken to be zero, the Weibull distribution becomes a two-parameter model and the Weibull modulus can be obtained from the slope of the best straight
 as a function of In [26] . However, the use of the two-parameter Weibull approach can lead to overestimation of m and a high m value does not necessarily mean higher reliability [41, 42] . In addition, there's always a significant deviation from the straight fitting line at low values of In when the two-parameter model is adopted. It implies that the assumption that the threshold u  is zero is no longer appropriate. Thus, the three-parameter Weibull distribution is adopted for fitting to get more accurate estimations of m. By using maximum 
The diffusion coefficient results and interpretation
While there are two mobile species counter-diffusing in the chemical tempering process, charge neutrality requires that the diffusion rate be limited by the slowest species, believed to be the larger, heavier K + ion [43] . Thus the diffusion coefficients are all calculated from the K + ion concentration results. concentration decreases with depth continuously and the K + ion concentration on the air side is always larger than that on the tin side which is in accordance with the DOL results. It can be seen that the tin-side curve is closed to the air-side one for the chemically tempered glass for 5 h (Fig. 6 c) which is different from the others. This phenomenon may be attributed to the combination effect of stress relaxation and structural relaxation. The diffusion rate of K + ions decrease with stress relaxation [44] and increase with structural relaxation [45] . The interaction of these two factors, The diffusion coefficient increases very slightly with the K + ion concentration, thus it can be assumed that the diffusion coefficient is independent of the K + ion concentration [4, 47] . Table 3 . The measured diffusion coefficients are in the range 10 -14 -10 -15 m 2 /s which agree with previous measurements of K + -Na + diffusion coefficients in aluminosilicate glasses [4, 10, 11, 43, 49] . It can be seen the air side of the two kinds of glass samples show higher value of diffusion coefficients than the tin side which can be attributed to the hindered diffusion of K + ions by the tin in the glass [35] . The D values of chemically tempered samples decrease until the time up to 12 hrs, then it is increased when the time is 14 hrs. The diffusion coefficient decreases at first and then increases with time which is similar to the results in the literature [50] and this phenomenon may be attributed to the combined effect of stress relaxation and structural relaxation. The diffusion coefficient is higher when stress is present [44] which leads to the decrease of diffusion coefficient with stress relaxation caused by the prolonged time. Glass with higher fictive temperature shows lower diffusion coefficient [45] which indicates the diffusion coefficient would increase with the lowering of the fictive temperature by structural relaxation.
Therefore, the diffusion coefficient may be affected first by the stress relaxation which causes its decrease and then by the structural relaxation which causes its increase. For the hybrid tempered glasses, the thermal tempering process would lead to a lower density on the glass surface [30] which cause a stronger structural relaxation. The diffusion coefficient of the hybrid tempered samples may be mainly affected by the structural relaxation process which causes the continuously increasing of D. 
Correlation between diffusion coefficient and flexural strength
The relationships between MOR and Weibull modulus with K + diffusion coefficient are shown in Fig. 10 . The diffusion coefficient datum in Fig. 10 (a, b) are from the air side while the datum in Fig. 10 (c, d) are from the tin side. It can be seen that the MOR of both types of glass specimens decrease with the diffusion coefficient of the air side (Fig. 10a) and the chemically tempered glass shows higher value of MOR than the hybrid tempered specimens when the diffusion coefficient is the same.
However, the MOR shows little dependency upon the diffusion coefficient of the tin side (Fig. 10b) . The effect of diffusion coefficient on MOR for hybrid tempered glass is more remarkable than the chemically tempered glass. There is no significant relationship between Weibull modulus with the diffusion coefficient as shown in Fig.   10 (b, d) .
With the increase of K + ion diffusion coefficient, the amount of K + ions diffusing into the glass surface per unit time increases. The alkali ions can destroy the bridging oxygens on the glass surface [35, 51, 52] . The concentration of K + ion that migrate into the glass is higher than that of Na + ions leaving it which will cause an unbalanced electronic charge in the glass [35] . The atmospheric oxygen migrates into the glass surface during ion exchange to rebalance the electric charge [11] , thus decreasing the concentration of the bridging oxygen content as shown in FTIR spectroscopy results (Fig. 4b) . The decreased bridging oxygen content may lead to the decrease of MOR.
In addition, it is believed that some network relaxation process can occur even at temperatures well below g T [7, 53] . As the ionic radius of potassium is higher, the potassium ions prefer a higher oxygen coordination sphere compared to that of sodium. During K + -Na + ion exchange, there would be a two-stage local structure relaxation process since the coordination sphere difference which includes an initial fast relaxation involves rearrangement of the local potassium environment toward a mixed alkali glass and a slower relaxation toward the as-melted potassium end member [54] . The structure rearrangements may not be fully done when the K + ion diffusion coefficient is large. This may lead to more non-bridging oxygens and result in a lower flexural strength. In contrast, the MOR results show little dependency upon the diffusion coefficient of the tin side which may ascribed to the air side is always the tensile side in our ROR tests. In addition, the presence of significant larger flaws on the tin side of the glass samples due to contact damage by the rollers during the float glass process can lead to a significant different diffusion and mechanical behavior of the two sides [55, 56] .
The surface compressive stress on the hybrid tempered specimens are lower than that of the chemically tempered specimens as shown in Fig. 2 which may lead to a lower flexural strength of the hybrid tempered glass. Moreover, the less bridging oxygens on the hybrid tempered glass surface than that of the chemically tempered specimens as shown in Fig. 4 may also lead to a lower flexure strength. After thermal tempering, a more disrupted structure is formed in the surface layers due to quick quenching from over the glass transition temperature which leads to a lower density and bending strength [30, 57] . Hence the diffusion of alkali ions into the glass matrix in thermally tempered glass is easier which may result in the effect of diffusion coefficient on MOR for hybrid tempered glass is more remarkable.
There's no significant relationship between the Weibull modulus with the diffusion coefficient which indicates that the variation of Weibull modulus is more complicated and the Weibull modulus is not only related to the diffusion process but also correlate with the surface conditions of the glass samples [25, 58] and other factors which needs further investigation. 
Conclusions
The correlation between K + -Na + diffusion coefficient and mechanical properties of chemically tempered and hybrid tempered aluminosilicate glass are investigated.
The air side of the two kinds of glass samples show higher value of diffusion coefficient than the tin side. The flexural strength of both types of glass samples decrease with the diffusion coefficient of the air side. The chemically tempered glass shows higher value of flexural strength than the hybrid tempered glass when the diffusion coefficient is the same. The effect of diffusion coefficient on MOR for hybrid tempered glass is more remarkable than the chemically tempered glass.
However, there's no significant relationship between Weibull modulus and the diffusion coefficient which implies that the influence factors for Weibull modulus are more complicated. The results would be useful in designing the strength of glass and guiding the strengthening process by chemical or hybrid tempering.
